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The influence of liquid fuel properties on atomisation remains an open question.
The droplet sizes in sprays from atomisers operated with different fuels may be
modified despite the small changes of the liquid properties. This paper examines
experimentally the development of a liquid jet injected from a plain orifice in order
to evaluate changes in its behaviour due to modifications of the liquid properties,
which may influence the final atomisation characteristics. Two aviation kerosenes
with similar, but not identical physical properties are considered, namely, standard
JP8 kerosene as the reference fuel and bio-derived hydro-processed renewable jet
fuel as an alternative biofuel. The corresponding density, dynamic viscosity, kine-
matic viscosity, and surface tension change by about +5%, −5%, −10%, and +5%,
respectively, which are typical for “drop-in” fuel substitution. Three aspects of the
liquid jet behaviour are experimentally considered. The pressure losses of the liquid
jet through the nozzle are examined in terms of the discharge coefficient for different
flowrates. The morphology of the liquid jet is visualised using high magnification
Laser Induced Fluorescence (LIF) imaging. Finally, the temporal development of the
liquid jet interfacial velocity as a function of distance from the nozzle exit is measured
from time-dependent motion analysis of dual-frame LIF imaging measurements
of the jet. The results show that for the small changes in the physical properties
between the considered liquid fuels, the direct substitution of fuel did not result in
a drastic change of the external morphology of the fuel jets. However, the small
changes in the physical properties modify the interfacial velocities of the liquid
and consequently the internal jet velocity profile. These changes can modify the
interaction of the liquid jet with the surroundings, including air flows in coaxial
or cross flow atomisation, and influence the atomisation characteristics during the
changes of liquid fuels. C 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4965447]
I. INTRODUCTION
The limited availability of conventional fuel supplies1–3 provides a strong incentive to utilise
alternative sources, such as biofuels, to ensure sufficient production capacity to meet the increasing
fuel demands. Many initiatives for the broader utilisation of biofuels are underway. For example, the
objective of the European Advanced Biofuels Flight Path is to promote the production of sustain-
able biofuels and has set a target of 2 million tons of sustainable biofuels to be used in European
civil aviation by 2020.4
The most convenient way to utilise such fuels is the direct substitution of conventional fossil
fuels with alternative fuels, which are completely interchangeable, so that a currently installed
engine base remains unmodified. However, a number of processes that affect the overall engine
performance are influenced, among which are the spray formation and combustion characteristics.
Several studies have compared various aspects of the substitution of a conventional fuel with an
alternative fuel. For example, Hui et al.5 investigated the combustion characteristics of alternative
fuels by comparing conventional Jet-A with three “Synthetic Paraffinic Kerosenes” (SPK) fuels and
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three “Hydro-processed Renewable Jet” (HRJ) fuels. They reported that the tested alternative jet
fuels ignite faster than the conventional fuel and that fuel composition is critical to the auto-ignition
behaviour. At the same time, there was not a significant difference in the laminar flame speed
between the conventional and the alternative jet fuels, and the conventional fuel was more prone
to stretch rate extinction than the alternative jet fuels. Liu et al.6 compared the combustion char-
acteristics of liquid droplets of conventional Jet-A and bio-derived fuels from camelina and tallow.
They reported that the biofuels have a much lower propensity to generate soot than the conventional
fuel, which was attributed to their composition. However, the biofuels demonstrated similar burning
histories, burning rates, and flame and soot standoff ratios evolution with the conventional fuel
despite their different compositions. Pucher et al. examined the deposits in the chambers of gas
turbines from combustion of synthetic Camelina/Jet A-1 blends and conventional Jet A-1 fuel.7
They reported that the deposit morphology, visualised with standard photography and Scanning
Electron Microscopy (SEM), was significantly different between the pure Jet A-1 and the synthetic
Camelina/Jet A-1 blend. Despite the different morphologies, thermographic analysis did not reveal
significant differences in the deposit composition. Blakey et al. conducted a review of alternative
fuels for aviation.8 They considered many parameters including the chemical composition of the
fuels along with the fuel physical properties. They reported that Bio-SPK has shown benefits as a
50/50 blend with conventional fuel in terms of fuel burn and particulate matter but more work is
required before 100% Bio-SPK can be used in aviation. In the above examples, it is evident that
when one type of fuel is replaced with another some aspects of the engine performance change
considerably while others remain unaffected. Therefore a more basic investigation is required that
begins with the atomisation of the fuel as it is introduced in the engine.
The atomisation of the fuel is one aspect that is important, as there is doubt over a long
period of time about the importance of the properties on the atomisation process, mainly of the
liquid density, ρ, viscosity, µ, and surface tension, σ. For example, when scaling the characteristic
droplet diameter of sprays from pressure atomisers on the surface tension, power law exponents
ranging from −0.15 to 0.7379–13 have been quoted. While there are differences in the considered
injector geometries and the flow conditions among the various investigation, from the breadth of
the reported correlations, it is clear that no consensus exists. The same is true when considering the
characteristics of airblast atomisers, commonly found in aero engines due to the abundance of high
speed air from the intake. For example, in two recent studies of liquid fuel injection in a crossflow
of air, when scaling the penetration of the liquid jet in the gaseous cross flow, the exponent of the
viscosity in the derived correlations has been quoted as −0.10814 and −0.222.15 While the former
study considered a range of viscosities about 50% lower than the latter, the exponent changes by
a factor of 2 which is considerable. The change in the exponent was attributed to changes in the
morphology of the liquid jet between the two studies affecting the drag of the liquid jet.15 However,
changes in the liquid jet morphology were not measured. In addition, the range of liquid viscosities
that was considered in the above two investigation was considerably wide, with changes over 100%
in the fuel viscosities from which the liquid jet trajectories were determined. Such large ranges
are not common for liquid fuels and may not provide the full picture, as the fit of the findings
over a large range of conditions may overlook smaller influences. For example, Mondragon et al.16
demonstrated that for fuels with similar viscosities (within 10%), the maximum penetration in the
gaseous crossflow can change by as much as 10%, which is considerably greater than what would
be expected from the correlations. Although a definitive correlation with the liquid viscosity was
not possible in their study, various effects were proposed as possible influences, including the liquid
properties, atomization, and the column break mode. The influence of the breakup mode is in
agreement with that in the work of Farvardin et al.15 As such, predictions of the spray characteristics
when one type of fuel is directly substituted with another may not be always reliable. Consequently,
the direct substitution of fuels with similar physical properties may not produce the expected spray
development.
The initial fuel jet development has a significant contribution on the subsequent spray develop-
ment.17–20 It is, therefore, important to examine how small changes in the fuel physical properties of
the fuel may affect the liquid jet development at that location of the nozzle.
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It is the purpose of the present work to examine how the liquid jet development, in terms of
interfacial morphology and interfacial velocities, is affected when changing a standard fuel with
an alternative. The paper focuses on the comparison of the behaviour of two fuels injected from a
plain orifice atomizer. The first is a conventional aviation fuel JP8, which is widely used for aviation
applications and will serve as the baseline case. The second is a bio hydro-processed renewable
jet (HRJ) fuel, which is an alternative biofuel that is considered for aero-engine applications. The
alternative fuel was selected so that its physical properties are such that the average change in We
across the tested conditions due to the substitution is less than 1% while that of Re is about 13%. In
this way, the influence of the kinematic viscosity is highlighted.
Three aspects of the injection process are examined. The first is the conversion of the injection
pressure to liquid kinetic energy and the conversion efficiency of the process. The second is the
characterisation of the morphology of the liquid fuel jet as it exits the nozzle. For this purpose,
high magnification Laser-Induced Fluorescence (LIF) imaging is used to visualise the liquid jet.
Proper orthogonal decomposition is used to analyse the resulting LIF images and attempt to extract
coherent structures on the jet surface. Finally, the velocities on the liquid-air interface of the fuel
jets are measured using motion tracking of dual-frame LIF images of the fuel jets. The resulting
evolution of the velocity and corresponding spatial accelerations as a function of the distance from
the nozzle exit is compared for the two fuels and linked to the overall development of the corre-
sponding liquid jet. It should be noted that the liquid jet is considered without air cross-flow, so that
the development of the liquid interface of the jet can be isolated.
The paper is structured as follows. In Section II, the experimental facility is presented.
Section III describes the data processing approaches and quantifies the uncertainties. The results of
the investigation are presented and discussed in Section IV, which is structured in
Subsections IV A–IV C, namely, the development of the flow in the nozzle, the spatial development
of the liquid fuel jets, and the temporal development of the fuel jets downstream of the nozzle. The
paper closes with a summary of the conclusions.
II. EXPERIMENTAL FACILITY
The experimental investigation is conducted using a plain orifice injector. The cross section of
the injector is shown in Figure 1. The injector is manufactured from stainless steel. The orifice of
the injector has an inner diameter of D0 = 0.48 mm and a length of L0 = 2 mm, resulting to a ratio
L0/D0 of about 4, through which the liquid fuel is injected. Plain orifice nozzles with similar length
to diameter ratios are commonly used for liquid jets injected in gaseous crossflow atomisers,14,21–24
since this length is sufficient for the effect of the vena contracta to subside and for the liquid flow to
FIG. 1. Cross section of the plain orifice injector.
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TABLE I. Physical properties of tested fuels.
Liquid Density, ρ (Kg/m3) Viscosity, µ (Pa s) Viscosity, ν (m2 s−1) Surface tension, σ (N m−1)
JP8 786 1.56 × 10−3 1.98 × 10−6 2.66 × 10−2
HRJ 753 1.66 × 10−3 2.20 × 10−6 2.53 × 10−2
realign with the nozzle axis before the liquid jet exits the nozzle.25 The surfaces of the nozzle before
and after the orifice are flat. The liquid flow within the nozzle was not cavitating for the tested
conditions. This was confirmed from the pressure loss measurements and the lack of cavitation
bubbles within the liquid jet, when exiting the nozzle. The time scales of concern here are very
small and the effect of gravity is expected to be minimal within the near nozzle region. However, the
injector was mounted vertically, so that no deflection of the trajectory of the injected liquid from a
straight path was possible. The surrounding environment of the liquid jet was quiescent air at room
temperature and pressure.
Two hydrocarbon fuels were selected. The first is a conventional JP8 aviation fuel, which serves
as the baseline fuel, and the second is a Hydro-processed Renewable Jet (HRJ) fuel, which is the
alternative biofuel. The physical properties of the fuels, which may influence the development of the
fuel jet, are the density, ρ, viscosity, µ and surface tension, σ.26 For the fuels used here, these prop-
erties are summarised in Table I. The relative difference between the density, ρ, dynamic viscosity,
µ, kinematic viscosity, ν, and surface tension, σ of the JP8 and HRJ is about +5%, −5%, −10%, and
+5%, respectively.
The liquids were pumped using a pressure kettle from Spraying Systems, which contained the
fuel pressurised by compressed gas. The pressure in the kettle was controlled using a pressure regu-
lator with 0.3 mbar sensitivity. This approach has the advantage that the delivery of the liquid fuel is
free from flowrate fluctuations. For safety reasons, the kettle was pressurised with inert nitrogen gas
to avoid high partial pressures of oxygen over the fuel. The fuel was transferred from the bottom of
the kettle and for most of the distance to the injector through stainless steel tube, so that hysteresis in
the adjustment of the flow rate was avoided. For the final length of the fuel delivery system, flexible
hose was required to connect the stainless tube to the nozzle. However, this did not have an effect on
the responsiveness of the injection system.
The pressure of the fuel injection was measured approximately 20 cm upstream from the orifice
by a pressure transducer with accuracy within 0.25%. It is expected that the pressure drop between
the pressure measuring point and the entrance of the orifice is negligibly small due to the large
diameter of the supplying tube (Figure 1) and, therefore, the measured pressure can be used as the
pressure just before the orifice. Since the injection of the fuel was continuous, the flow rate was
monitored by a rotameter. The rotameter was calibrated using the “bucket and stopwatch” method
for the different fuels. In addition, the flow rate was also calibrated with the injection pressure,
within 3 significant figures, so that two independent methods were used to ensure reliable measure-
ments, with uncertainty within ±3%. The injector was operated at pressure drops across the nozzle
between 0.3 and 1.5 bar. The temperature of the fuel jet will not increase by more than 0.1 ◦C from
the temperature of the fuel in the tank, even if the maximum pressure drop was converted to heat.
Therefore the effect of the injection pressure on the fuel properties is negligible. For the range of the
considered injection pressures, the cross section average velocities of the injected liquids jets were
in the range between 6.5 m/s and 15.9 m/s. This range of velocities is within the range of velocities
of interest to research in liquid jet atomisation in air crossflow.14,16,22,27
The development of the liquid jet is described by 3 non-dimensional parameters. These are
the Reynolds number, the Weber number, and the discharge coefficient. The Reynolds number is
defined as
Re =
ρUD0
µ
, (1)
where U is the cross section average velocity at the liquid nozzle exit. It indicates the ratio of the
inertial to the viscous forces of the fuel jet. For the considered fuel flow rates, Re was in the range of
1600–3650 for JP8 and in the range of 1400–3275 for HRJ.
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The Weber number is defined as
We =
ρGU2D0
σ
. (2)
The Weber is defined using the gas density, ρG, which is common for aviation atomisers27–29 and
indicates the ratio of the destabilising forces acting on the surface of the liquid jet due to the drag of
the gaseous environment over the coherence forces due to the surface tension of the fuel jet. In this
study, the liquid jet is always decelerated so no accounting of the direction of its acceleration needed
to be considered, in contrast to cases where acceleration or deceleration of the jet is possible and
a sign needs to be included as suggested by Charalampous and Hardalupas.30 The Weber number
spanned between 0.8 and 4.0 for JP8 and between 0.7 and 4.1 for HRJ.
The discharge coefficient is defined as
Cd = U ×

ρ
2∆P
=
U
Uideal
, (3)
where ∆P is the pressure drop across the nozzle. It is a commonly used metric of the ratio of the
cross section average velocity U to the theoretical cross section average velocity Uideal that would be
obtained if the entire pressure drop across the nozzle was used to accelerate the fuel flow. A value
of unity indicates a frictionless nozzle and that the jet has attained the maximum possible velocity.
Progressively lower values indicate lower jet velocities.
The range of the test conditions is presented in Table II.
The Ohnesorge number, which is indicative of the relative importance of viscous to surface
tension forces, is also a commonly used parameter to describe the behaviour of liquid jets,
Oh =
µ
ρσD0
. (4)
Its range of values is from 0.0156 to 0.0174. The range is narrow since Oh is only a function of the
physical properties of the fuels, which is narrow, and the nozzle diameter, which is fixed.
Visualisation of the liquid fuel jet was performed using laser-induced fluorescence. Both fuels
were doped with rubrene dye, which absorbs light in the green and fluoresces strongly in the
yellow-orange, between 550 nm and 600 nm. Rubrene solubility was good for both fuels and
its concentration was adjusted in the ppm region so that the liquid jet remained optically thin
in the illumination wavelength for the length scales of interest here (∼2 mm). For such low dye
concentrations in the fuel, no measurable modification of the fuel properties is expected. The dye
in the liquid jet was excited using the second harmonic (532 nm) of a New Wave double pulse
Nd:YAG laser. The fluorescent liquid jet was imaged at the nozzle exit by a PCO Sensicam QE
inter-frame camera, with resolution of 1376 × 1040 pixels. The imaging lens was a Questar QM 1
long distance microscope for high spatial magnification. The lens was fitted with a Schott OG590
long pass filter, with transmittance at the laser wavelength lower than 10−5, to suppress scattered
light noise from the illuminating laser beam which would otherwise produce speckle noise in the
images and risk damage to the camera sensor. The imaging resolution of the optical system was
around 2.7 µm/pixel, which translates to around D0/180, and can capture all the important spatial
characteristics of the liquid jet instabilities. Dual-frame laser induced fluorescence measurements
were acquired in quick succession by operating the camera in inter-frame mode. The inter-frame
time was set to 2 µs. Each set of temporally correlated image pairs of the injected liquids was
processed using in-house software, which is described in Sec. III, to evaluate the interfacial velocity
evolution along the length of the jet.
TABLE II. Summary of the tested flow conditions.
Liquid Re We Cd
JP8 1600-3650 0.8-4.0 0.76-0.85
HRJ 1400-3275 0.7-4.1 0.70-0.84
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III. DATA ANALYSIS
A. Evaluation of interfacial velocities
For the evaluation of the interfacial velocities of the fuel jets from the dual-frame laser induced
fluorescence measurements, the block matching method was used. The block matching method
is commonly applied to the processing of particle images for particle image velocimetry.31 This
method, in its basic form, can be summarised as selecting a small block of pixels in the first frame
of a pair of sequential images and calculating its cross-correlation with blocks of equal size in the
second frame that are located in the vicinity of the first block. The block at the second image that
produces the highest correlation coefficient is considered to indicate the displacement of the original
block, provided that the correlation coefficient is greater than a certain threshold value. The pixel
displacement can be translated to physical displacement by taking into account the pixel resolution.
Since the inter-frame time is also known, the flow velocity at the location of the considered block
can be determined for each block that is successfully tracked between the image pairs.
This approach is modified here to account for the lack of particles in the fluorescent intensity
images and the specifics of the considered flow. In our case, the first image is divided into blocks
with a finite height of 64 pixels and a width equal to the width of the frame, which spans the full
width of the image. These blocks will be referred to as interrogation windows. Each interrogation
window is then scanned along the second image only in the direction of the jet flow, in single pixel
increments, and for a distance of up to 16 pixels in an attempt to find the best possible correlation
with the second image. This procedure is shown schematically in Figure 2. Interrogation windows
that span the full width of the jet image were chosen for two reasons. The first reason is that as
the interrogation window size becomes wider, it captures more features of the jet, which makes the
identification of the matching block in the second image more reliable. This measurement approach
is not applicable to arbitrary flow conditions, since the flow might be moving in many directions
for a given image pair and requires small blocks to be defined along the length of the images. In
our case, however, the flow is unidirectional across the full imaged area, as the jet is moving only
in the vertical direction. Therefore, the velocity component in the horizontal direction is negligible
and a full width window is an advantage. The second reason is that the processing speed is increased
considerably if there is only one window to be tracked downstream in comparison to multiple small
windows being tracked in all directions.
The correlation coefficient between the interrogation window of the first image and the over-
lapped regions of the second image is calculated and the displacement, which resulted to the highest
correlation coefficient, is considered to be closest to the actual displacement of the jet. However,
FIG. 2. Schematic of procedure for the evaluation of the interfacial velocity. A region of frame 1 is scanned across frame 2
until a good match is found.
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FIG. 3. Sample images of the jet morphology with increasing injection flow rate (left to right), for which the accuracy of the
block matching technique was evaluated. The jet surface becomes more wrinkled at higher flow rates. Injection pressures are
(a) ∆P= 0.34 bar, (b) ∆P= 0.61 bar, and (c) ∆P= 1.03 bars. The diameter of the jet at the base is 480 µm.
if only integer pixel displacements are considered, the resolution of the measured velocities would
be poor as the velocity would be measured at rather coarse increments. This is known as peak
locking.32,33 For this reason, further refinement of the full pixel displacement of the interrogation
window was achieved by sub-pixel interrogation. This was accomplished by fitting a parabolic
profile to the value of the correlation coefficient34 to obtain sub-pixel displacements.
Testing was conducted to evaluate the detection accuracy of the tracking technique using exper-
imentally obtained images for the different types of jet morphologies that were encountered, which
could be smooth or coarse, as displayed in Figure 3. The tested images were computationally
translated vertically by known pixel displacements. The examined image translations were in the
range between 1 and 16 pixels in increments of 0.1 pixels. The detected pixel translation was found
to be better than 0.2 pixels.
The velocity of the interface was calculated by converting the pixel displacement to physical
displacement and dividing it with the time interval, dt, between the frames. The measured mean
interfacial velocity across the length of the jet is based on averaging from 500 image pairs and is
within ±5% of the stated value for the lower jet flow rates and within less than ±1% of the stated
values for the highest flow rates with a confidence level of 95%. These are estimated from the
sample size and the standard deviation of the measured velocities. Close to the nozzle exit, there
is an increased uncertainty because the fuel jet is featureless and the mean velocity of the liquid
interface at that location is within less than ±15% of the stated value.
B. Proper orthogonal decomposition
The proper orthogonal decomposition is a data analysis method that is used to analyse and
break down recorded datasets to a basis of linearly uncorrelated datasets. The resulting basis is
defined so that the first set, or POD mode, captures the greatest amount of variability in the original
data. Each successive basis set captures the next highest possible variability. When applied to image
datasets, POD can identify coherent variability in the image brightness to identify morphological
characteristics in the image dataset. This analysis has been applied to practical problems for the
recognition of human faces,35 and, in the context of fluid mechanics, it has been demonstrated to
identify physical patterns that would not be recognised by ordinary examination of the images.21,30
The application of POD to a set of images involves a series of operations, which can be
summarised as follows.
1. The mean image is estimated and subtracted from each image in the dataset to produce a set of
deviations from the mean.
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2. The covariance matrix of the deviations set is calculated.
3. The eigenvectors and the eigenvalues of the covariance matrix are calculated. The former
express the POD modes and the latter the associated energies.
4. The POD modes are sorted in descending order of energy, so that the modes which capture
most of the image intensity fluctuations, and therefore are more likely to capture physically
important morphological jet characteristics, are considered first.
Then this method is applied to the set of images of an injected liquid jet, the resulting set
of POD modes represents the morphology of the structures that develop on the jet surface in the
order that they affect the image intensity variability. Consequently, the first mode captures the most
coherent visual structures on the dataset, which correspond to the largest morphological features
of the jet. Each successive POD mode captures progressively less coherent modes. The first POD
modes with the greatest coherence are likely to be of the most physical importance, although many
modes should be considered as salient features of the jet development may be hidden in POD modes
of lesser order.21,30
IV. RESULTS AND DISCUSSION
A. Internal development
The comparison of the injection characteristics of the tested fuels begins with the consideration
of the discharge coefficient shown in Figure 4.
For the tested injection pressures, the development of Cd is according to the expectations in
the past literature.36 For the lower injection pressures, hence lower flow rates, Cd increases until it
converges to a constant value, whereupon further increase of the injection pressure does not have an
effect on Cd. This transition occurs for both fuel jets for injection pressures around ∆P = 0.6 bar and
corresponds to Re ∼ 2300-2500 which may signify transition from laminar to turbulent flow. At the
point of transition, the change of the slope of Cd is smooth and does not exhibit the peak associated
with nozzles with low nozzle length to diameter L0/D0 ratio.25 For the relatively long L0/D0 ratio
FIG. 4. Discharge coefficient Cd against (a) pressure change across the nozzle, ∆P and (b) flow, Re. Cd is higher for JP8 for
all tested ∆P and Re. The error bars represent the uncertainty in Cd due to the uncertainties in the flowrate and pressure drop
across the nozzle.
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FIG. 5. Generation of kinetic energy by injection pressure. For the same pressure drop across the nozzle, HRJ receives more
total energy but approximately the same amount is converted to bulk kinetic energy per unit mass.
of about 4 here, the vena contracta that is formed at the orifice inlet has sufficient length to realign
with the channel allowing the flow to be straight as it exits the orifice for all injection pressures.25
Therefore, our study is not affected by flow alignment issues.
Looking at the discharge coefficient comparatively between the two fuels, the value of Cd for
JP8 is consistently higher than that for HRJ, as shown in Figure 4. This means that the injection
of JP8 is more efficient than the injection of HRJ in terms of converting pressure to bulk liquid
velocity. The difference at the value of the Cd between the two fuels is about 0.05 for injection
pressures in the region of 0.5 bar and decreases to about 0.03 at injection pressures in the re-
gion of 1 bar. Liquid viscosity is the likely explanation, since the dynamic viscosity of HRJ is
higher than the viscosity of JP8 by about 5%, and when the kinematic viscosity is considered,
the difference is increased to 10% (Table I). Reduction of the discharge coefficient with increas-
ing kinematic viscosity has also been observed in other studies for various nozzle geometries and
fuels.37–39
We consider now the absolute energy supplied to the fuel jet. Figure 5 shows as solid lines
the total supplied energy to the liquid jet and demonstrates that it is a linear function of injection
pressure. Due to the lower density of HRJ, more energy is available to the injected jet per unit mass
for the same injection pressure. The magnitude of the bulk kinetic energy, dashed lines in Figure 5,
is estimated from the cross-sectional area averaged velocity and is proportional to Cd. In the absence
of atomisation and cavitation, which is the case here, the remaining energy is converted to turbulent
kinetic energy, shown in Figure 5 with dotted lines, and viscous losses, shown in Figure 5 with thin
lines. The viscous losses were estimated assuming a friction factor inversely proportional to the Re
of the flow. The jet turbulent kinetic energy perturbs the jet and dissipates within its bounds, but
does not accelerate it in any preferential direction. The bulk kinetic energy for the two fuel jets is
remarkably similar, despite the additional energy that is supplied to HRJ. This can be explained
by the lower conversion efficiency of injection pressure due to the higher viscosity of HRJ. Sub-
sequently, the inertia of both jets is similar and therefore both jets can be expected to respond in
a similar way to external perturbations. As the HRJ receives more energy but converts an equal
amount to bulk kinetic energy, there is an excess of turbulent kinetic energy transferred to the HRJ.
This excess energy is used to perturb more the jet and likely accelerate its instability. However, since
the excess energy is caused by the higher viscosity of HRJ, its dissipation is also faster. Therefore,
the overall perturbation of the fuel jet will depend on the balance between the rate at which the
energy is supplied to the jet and the rate at which the energy is dissipated.
In addition to the dynamic effects due to the energy transfer from the injection pressure that
were examined so far, the energy exchange that occurs as the liquid jet leaves the nozzle must also
be considered. This is caused by the aerodynamic shear exerted on the liquid interface as the fast
liquid jet is decelerated by the quiescent environment and its significance can be inferred from the
We number, which is presented in Figure 6 as a function of the injection pressure. For both fuels the
Weber number is relatively small, with the maximum attained value being around 5.5. Therefore,
the aerodynamic effects on the development of the fuel jets are not expected to dominate the fuel
jet development. Even if this was not the case, the change of the value of We between the two fuel
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FIG. 6. Weber number of the two liquid fuel jets as a function of the pressure drop across the nozzle.
jets is quite small under the same injection pressures, as the lower surface tension of HRJ compared
to JP8 compensates for the difference in the attained velocities. Consequently, even if there is an
aerodynamic contribution, it is similar for both fuels. Therefore, the differences in the development
of the fuel jets can be attributed almost entirely to the physical properties of the fuels and not on
differences of the aerodynamic effects at the gas-liquid interface.
B. Jet morphology
As the liquid fuel is injected from the nozzle, it forms a jet, which does not have a smooth
surface for all the considered injection pressures. Examples of fuel jet development across the range
of injection pressures are presented in Figures 7 and 8 for the JP8 and HRJ fuels, respectively.
For the lowest injection pressures, in the region of 0.3 bar, while the jets are not smooth, the
development of the interface is regular and involves large scale features (Figures 7(a) and 8(a)).
Quantitative differences in the development of the interface cannot be obtained by ordinary visual
inspection as the two jets look very similar.
As the injection pressure is increased, the complexity of the liquid-gas interface increases.
Large scale structures can still be observed in both fuel jets, but small scale disturbances are super-
imposed and the interface is highly corrugated. Examples of this regime are shown in Figures 7(b)
and 8(b) for injection pressure 0.6 bar. While the interface is highly corrugated, the coherence of
neither jet is not significantly affected and the jets look similar.
FIG. 7. LIF visualisation of JP8 jet at (a) ∆P= 0.33 bar, (b) ∆P= 0.61 bar, and (c) ∆P= 1.06 bars injection pressures. The
diameter of the jet at the base is 480 µm. The dashed line indicates the location of the nozzle exit.
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FIG. 8. LIF visualisation of HRJ at (a) ∆P= 0.34 bar, (b) ∆P= 0.61 bar, and (c) ∆P= 1.03 bars injection pressures. The
diameter of the jet at the base is 480 µm. The dashed line indicates the location of the nozzle exit.
For injection pressures close to 1 bar, however, both liquid fuel jets exhibit considerable desta-
bilization showing highly disturbed interfaces and lamella development on the surface over a wide
range of scales ranging from the size of the nozzle diameter to less than a tenth (Figures 7(c)
and 8(c)). Despite the high degree of destabilization at this injection pressure, detachment of liquid
ligaments from the jet was not observed in the imaged region for either fuel. Visual comparison of
the two jets does not show discernible differences.
As the direct comparison of the jets cannot disclose clear information on the structural devel-
opment of the fuel jets, a more detailed comparison is sought in the POD modes of the fuel jet
image ensembles. The first 10 most energetic POD modes of the JP8 jet for the injection pressure of
∆P = 0.33 bar are shown in Figure 9. Since the jet development is dominated by large scale wave
structures, Figure 7(a), POD modes 3 and 4 and modes 7 and 8, which contain large nodes on the
liquid jet surface, are the most pertinent for the description of these large scale wave structures.
These modes appear as pairs and show alternating bands of high and low intensity. As the bands be-
tween each POD mode pair are shifted by a quarter of a wavelength, each pair captures a travelling
wave on the jet interface. In contrast, a standing wave would have no shift between the bands. The
wavelength of the jet can be measured at the boundaries of the bands, which are clearly defined. In
this case, the wavelength is measured at 0.75D0. From the other POD modes, mode 10 appears to be
a harmonic of the previous modes, while the rest do not appear to demonstrate the physical flow of
the jet. They are most likely the result of optical phenomena as the images of the jet show speckles
on the jet interface due to optical lensing of the fluorescent intensity inside the jet.
FIG. 9. The first 10 POD modes of the JP8 jet for injection pressure of ∆P= 0.33 bar.
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FIG. 10. The first 10 POD modes of the HRJ for injection pressure of ∆P= 0.34 bar. The diameter of the jet at the base is
480 µm. The dashed line indicates the location of the nozzle exit.
For the same flow conditions, ∆P = 0.34 bar, the first 10 most energetic POD modes of the
HRJ are shown in Figure 10. The most pertinent modes are modes 6 and 7, which also describe a
travelling wave. The wavelength is about 0.78D0, which is very close to the wavelength that appears
for the JP8 jet. As such, no discernible change is observed in the morphology of the fuel jet by
the substitution of conventional JP8 with the alternative HRJ fuel. The other POD modes appear to
capture physical phenomena. For example, modes 1 and 2 seem to describe a wave with twice the
wavelength of the primary instability. However, the images of the jet of Figure 8(a) show that the
dominant wavelength is in the region of 0.78D0 and, therefore, the most important physics of the jet
are captured by modes 6 and 7.
While the comparison of the morphology of the interfacial waves of the fuel jets demonstrates
that the induced scales at low injection pressures are not significantly affected by the substitution
of the two fuels, when the interface becomes corrugated, the comparison becomes more difficult to
interpret. This is because, for both cases, there is a wide range of scales that are captured on the
interface that are not harmonics. For example, in Figure 11, POD modes 5 and 6 for the JP8 jet
injected at 1.06 bars are clearly neither of the same scale nor harmonics. The same applies for the
HRJ injected at a pressure of 1.03 bars, Figure 12, between modes 2 and 6.
In a further effort to identify if any of the range of scales that are extracted from the POD
analysis can be recognised as physically dominant, the energy of the POD modes is presented in
FIG. 11. The first 10 POD modes of the JP8 fuel jet for injection pressure of ∆P= 1.06 bars. The diameter of the jet at the
base is 480 µm. The dashed line indicates the location of the nozzle exit.
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FIG. 12. The first 10 POD modes of the HRJ fuel jet for injection pressure of ∆P= 1.03 bars. The diameter of the jet at the
base is 480 µm. The dashed line indicates the location of the nozzle exit.
FIG. 13. Energy distribution of the first 100 POD modes of the JP8 jets injected at different pressures.
FIG. 14. Energy distribution of the first 100 POD modes of the HRJ injected at different pressures.
Figures 13 and 14 for JP8 and HRJ fuels, respectively. For both fuels, the distribution of energy is
similar, with the energy of the POD modes slowly decreasing as the mode rank increases. About
100 modes are necessary for the energy to decrease by an order of magnitude. This does not allow
for a clear range of scales to be identified that are all pertinent to the physical development of the jet.
While it is not possible to identify a singular scale, there is a consistent trend in the distribution
of energy among the POD modes that appears for both fuel jets. For lower injection pressures, the
distribution of energy among the POD modes is shifted to the first modes of the fuel jets. For these
cases, a clearly dominant scale is known to exist and can be identified. For jets injected at higher
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pressures, the energy of the POD modes exhibits a more uniform distribution among many modes. It
is, therefore, likely that there is no dominant scale as the flow becomes turbulent, but there is a range
of scales, which are pertinent. The range of these scales does not seem to correlate with the type of
fuel, so it can be concluded that as the jet becomes turbulent there is a wide range of scales but the
change of the fuel does not seem to have an influence.
C. Temporal development
The temporal development of the jets is focused on the evolution of the average axial interfacial
velocities, Ui. The profiles of the interfacial velocities with the downstream distance L from the
nozzle exit are presented in Figures 15 and 16 for JP8 and HRJ fuels, respectively. The legend of
the figures shows the cross-sectional area averaged velocities of the jets, U, which are calculated
from the volumetric flow rate. The measurement of the interfacial velocities was repeated twice
for each flow condition, with the exemption of U = 6.7 m/s for HRJ, which was measured only
once. The trends of the interfacial velocities agree very well between the different realizations of the
experiment for both fuels, as shown in Figures 15 and 16. The maximum discrepancy between two
measurements is about 5% at single points with most cases agreeing within 2%-3% which is within
the uncertainty of the flowrate. This allows high confidence in the repeatability of the measurements
and the accuracy of the observed trends.
When examining the average axial interfacial velocity evolution with downstream distance, two
observations are evident. The first is that the interfacial velocities for both fuels are always lower than
the corresponding cross-sectional area averaged velocities across the length of the imaged region. The
second is that the interfacial velocities appear to decrease sharply within about 250 µm from the nozzle
FIG. 15. Measured average axial velocity on the liquid jet surface for the JP8 fuel as a function of the distance from the
nozzle exit L for different liquid jet velocities. Label shows the cross-sectional area averaged velocity.
FIG. 16. Measured average axial velocity on the liquid jet surface for the HRJ fuel as a function of the distance from the
nozzle exit L for different liquid jet velocities. Label shows the cross-sectional area averaged velocity.
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:
155.198.12.188 On: Thu, 03 Nov 2016 08:57:29
102106-15 G. Charalampous and Y. Hardalupas Phys. Fluids 28, 102106 (2016)
exit (or about 0.5 nozzle diameters) from which point on they slowly increase following a nearly linear
trend with axial distance for all the remaining length of the visualized liquid jet.
The first observation suggests that radial profile of the liquid axial velocity within the jet is not
uniform. That would require that the cross-sectional area averaged velocity, U, and the interfacial
velocity of the liquid jets, Ui, to be close. The interfacial velocity of the JP8 jet is on average
approximately 14% lower than the cross-sectional area averaged velocity and the interfacial velocity
of the HRJ is on average approximately 18% lower than the cross-sectional area averaged velocity.
The most plausible explanation is that the radial velocity profile of the liquid flow within the nozzle
is not uniform and this non-uniformity extends considerably away from the wall into the core of the
flow in the nozzle. After the liquid is injected from the orifice, the velocity at the centre of the jet
is higher than the velocity of the interface of the jet and the velocity of the interface is necessarily
lower than the cross-sectional area averaged velocity, as observed.
The second observation, namely, the initial reduction of Ui at the nozzle exit and the subsequent
increase downstream, is, at a first glance, counterintuitive, since it may be expected that the liquid
jet interface is progressively decelerated by the quiescent air. The steep initial reduction very close
to the nozzle exit can almost certainly be attributed to image processing difficulties rather than
physical phenomena. The most likely explanation is that immediately after the nozzle exit, there
are very few features on the jet surface, which can be tracked downstream, for the velocity to be
unambiguously determined. After about 0.5D0 (L > 250 µm), the interface becomes sufficiently
corrugated and the reliability of the measurement is high, especially considering the repeatability of
the measured velocities for the same flow conditions. The increase of the velocities with distance
from the nozzle exit can be explained by the earlier argument that the velocity profile is developed
within the jet and the centreline velocity is greater than the velocity of the interface. In this case,
there are two competing forces acting on the jet interface. At the outer surface of the interface, there
is the drag force from the quiescent gas, which acts to decelerate the liquid jet. At the inner side of
the interface, the internal velocity gradients act to accelerate the interface to even out the gradients
and restore a uniform axial velocity radial profile. Considering that the liquid density is about 3
orders of magnitude greater than the density of the surrounding gas, the inner force at the interface
is greater than the force of the air acting at the outer side of the interface. As a result, there is a net
acceleration of the interface downstream from the nozzle, instead of the expected deceleration, due
to the internal forces acting along the interface.
The spatial acceleration of the interfacial velocity was calculated from the linear fit of Ui with
axial distance L from the nozzle exit. The evaluation was performed in the region of distance L
between 0.45 and 1.85, where the relationship between Ui and L appeared to be linear and therefore
the spatial acceleration was constant. The spatial acceleration of the jet is presented in Figure 17
as a function of the different area-averaged flow velocities of the fuel jets. For cross-sectional area
FIG. 17. Slope of the linear fit of the change of the interfacial velocity of the liquid jet with the jet length plotted against the
cross-sectional area averaged velocity of the liquid jet for HRJ fuel (circles) and JP8 fuel (diamonds). The error bars represent
the 95% confidence interval of the slope of the linear fit.
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FIG. 18. Average ratio of interfacial velocity Ui to cross section averaged liquid velocity U. HRJ fuel (circles) and JP8 fuel
(diamonds). The error bars represent the 95% confidence interval of Ui/U.
averaged velocities around 7 m/s, the slope of the spatial acceleration is around 0.3 s−1 for both
fuels. For cross-sectional area averaged velocities greater than 7 m/s, the spatial acceleration along
the jet length increases for both fuels in a more or less linear way. However, the spatial acceleration
of HRJ is always greater than that for JP8 and, for the maximum cross-sectional averaged liquid
velocity U ∼ 15 m/s, it is 1.1 s−1 for HRJ compared to about 0.6 s−1 for JP8. The most probable
reason for this difference is the change of the kinematic viscosity of the liquids, which is greater for
HRJ. As such, the profile of the HRJ at the nozzle exit is more developed than the profile of the JP8,
with the velocity deficit penetrating further inside the jet core. In this way, the internal forces on the
interface are greater in the case of the HRJ, while the external forces due to aerodynamic shear can
be expected to be approximately similar as the surface velocity and morphology are not drastically
altered between fuels.
The velocity deficit hypothesis is further supported by the fact that the average ratio of the
interfacial velocity Ui and the cross-sectional area averaged liquid velocity U, evaluated in the
region of distance L between 0.45 and 1.85, is always greater for the HRJ than for the JP8 jet, which
is presented in Figure 18. A more developed radial velocity profile would result to a larger part of
the core of the liquid jet of the HRJ fuel to be under internal shear rather than the JP8 fuel. This
internal shear downstream of the nozzle exit would tend to equilibrate faster because of the higher
kinematic viscosity of the HRJ fuel. Therefore, the kinematic viscosity of the liquid fuel jets plays a
significant role on the development of the jet.
As small changes in the physical properties of the injected liquid, and mainly that of viscosity,
result in significant changes in the axial velocity radial profile of the jet, the implications on the
atomisation of the liquid jet in practical applications must be considered. Liquid jets in the range of
Re considered here do not atomise spontaneously but are often used in cross flow atomisers where a
high speed cross flow atomises the jet.
One of the issues that arise in cross flow atomisation is the penetration of the liquid jet inside
the injection chamber. As the liquid jet is injected from the wall of the flow channel, it is usually
required that the jet penetrates for most of the height of the chamber so that the resulting spray drop-
lets fill the flow channel. Customarily, the theoretical analysis of the deflection of the jet considers
cross-sectional elementary fluid parcels undergoing acceleration by aerodynamic drag. The defor-
mation of the cross section of the jet and the resistance by viscous shear have also been considered.
However, there are two issues that arise from the current investigation, which are pertinent to the
development of the jet trajectory.
The first is that under approximately the same cross section averaged liquid velocities, the
interfacial velocity of the more viscous jet is lower but increases faster downstream. Therefore, the
transverse displacement of the liquid jet will be different from what would be expected considering
constant jet velocity.
A second issue is that for the interfacial velocity to increase with downstream distance, the
radial profile of the axial velocity within the liquid jet needs to be nonuniform. Therefore, the
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:
155.198.12.188 On: Thu, 03 Nov 2016 08:57:29
102106-17 G. Charalampous and Y. Hardalupas Phys. Fluids 28, 102106 (2016)
consideration of cross-sectional fluid parcels, which undergo uniform transverse acceleration, is
inexact and a more complex internal flow needs to be considered.
Experimentally, it has been observed that more viscous liquid jets are deflected laterally by the
cross flow, more than the less viscous jets.14,15,40 An interpretation of this observation can be based
on the more developed liquid velocity radial profile in the more viscous liquid jet.
It is interesting to discuss the potential influence of the observed changes of the interfacial
velocity on the atomisation characteristics of liquid jet in gaseous cross-flow atomisers. Due to
the slower interfacial velocity close to the jet nozzle exit, the more viscous liquid jet interface is
exposed to the air cross flow for longer close to the nozzle and has more time to develop a deformed
cross section early on. Subsequently, the drag coefficient would be greater for the more viscous jet,
which is then deflected transversely faster than the less viscous jet. Therefore, the different interfa-
cial velocity can modify the resulting atomisation characteristics in liquid jet in gas cross-flowing
atomisers, and this is the way that the liquid properties may affect the final spray characteristics for
different liquid fuels, even for small changes of the liquid properties.
Another issue that is related to the development of the velocity profile along the liquid jet
length is the development of interfacial instability. In many investigation, the velocity profile be-
tween two mixing layers is considered stable.41–44 However, the importance of the relaxation of the
velocity profile for jets in quiescent air was pointed out by Sterling and Sleicher45 who argued that
profile relaxation has a destabilizing effect just as the aerodynamic interaction and Weber’s theory
is not quantitatively correct if the liquid jet velocity profile relaxation is not taken into account. The
inviscid linear stability analysis of Ibrahim and Marshall29 also points out that as the profile in the
liquid jet becomes uniform downstream, the instability becomes more pronounced. The effect of
the relaxation of the liquid jet velocity profile was also examined numerically by Srinivasan et al.
using Large Eddy Simulation (LES)/Volume of Fluid (VOF) methods.46,47 They demonstrated that
the relaxation of the quiescent gas velocity profile is much more rapid than the relaxation of the
internal profile with less rapid relaxation at lower liquid jet injection velocities.
In the context of jets in cross flow, the velocity profile in the liquid jet is also potentially
important. In the near nozzle region, the low speed liquid jet is destabilised by the high speed
transverse stream which is responsible for the development of azimuthal instabilities.48 However,
the jet does not break up by axial instabilities until later downstream. In the streamwise direction
of the liquid jet, the gaseous cross flow is very small. Therefore the streamwise shear experienced
by the liquid jet is similar to that experienced by the low speed jets injected in a quiescent environ-
ment making the relaxation of the velocity profile pertinent to the destabilisation of the liquid jet.
While the relaxation of the liquid jet velocity profile is not expected to determine the breakup of the
liquid jet on its own, it will have an appreciable effect on the growth of the instability close to the
disintegration location. Therefore, it is possible that the change of the liquid properties which can be
small will have a compounding effect on the growth rate of the longitudinal jet instability which can
result to a faster breakup for the jet with the more developed velocity profile.
V. CONCLUSIONS
A comparative investigation was performed in order to identify differences in the development
of a liquid fuel jet, injected from a plain orifice atomiser into a quiescent environment, caused by
direct substitution of a conventional aviation fuel JP8 with an alternative HRJ fuel. The relative
differences between the density, ρ, dynamic viscosity, µ, kinematic viscosity, ν, and surface tension,
σ of the JP8 to HRJ are around +5%, −5%, −10%, and +5%, respectively. The following were
observed:
1. For the same injection pressure, the discharge coefficient of the HRJ fuel is lower than the
discharge coefficient of the JP8. The difference is about 0.05 for injection pressures in the
region of 0.5 bar and about 0.03 for injection pressures around 1.0 bar. The most likely reason
for this discrepancy is the increased kinematic viscosity of the HRJ fuel.
2. Differences in the spatial morphology of jets of the two liquid fuels, when injected under
the same pressure, could not be established, by direct observation or by POD analysis of the
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fluorescent intensity images of the jets. This suggests that changes of the physical properties
between 5% and 10% do not affect the external fuel jet morphology.
3. The temporal analysis of the liquid jet images showed that there is a difference in the magni-
tude of the interfacial velocities of the fuel jets. For the same flow rates, the HRJ fuel interfacial
velocity is about 3% lower than the JP8 interfacial velocity. This suggests that the radial profile
of the axial liquid velocity of the HRJ fuel is more developed than the JP8 fuel jet, most likely
due to the higher kinematic viscosity of the HRJ fuel. This can modify the interaction of the
liquid jet with a gas cross-flow and affect the overall atomisation process in such atomisers.
4. The spatial acceleration of the interfacial velocities of the jets is linear with the flow rate for
both fuels. For values of liquid jet Re less than around 2500, the interfacial spatial acceleration
is about equal for both fuel jets. For values of the Re around 2500, the interface of the HRJ fuel
is accelerated at a significantly greater rate than the interface of the JP8 fuel jet. This can be
attributed to a more developed radial profile of axial liquid velocity within the HRJ.
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